We include the Roper excitation of the nucleon in a version of heavy-baryon chiral perturbation theory recently developed for energies around the delta resonance. We find significant improvement in the P 11 channel.
SU (2) L × SU (2) R group [14, 15] .
The Roper could thus be expected to play a role in low-energy observables. Take, for example, elastic πN scattering in the P 11 channel. The phase shift [5] is repulsive near threshold but becomes attractive at a center-of-mass (CM) energy (with m N subtracted out) E ∼ 3f π , right in the delta region. In ChPT, whether without [16] [17] [18] [19] or with [10, [20] [21] [22] an explicit delta, the near-threshold behavior is reproduced in lowest orders with a monotonically decreasing phase shift.
The turnaround can at best be achieved if a nominally higher-order effect provides an opposite contribution to the lower orders. This is not a problem when this region is considered beyond the range of EFT, but needs to be addressed as we extend this range, as done in Refs. [9] [10] [11] [12] . The attraction in this channel has long been identified as due to the Roper, thanks to its relatively low position and large width.
In this article we incorporate the Roper in ChPT, leading to an expansion in ∼ (Q, m π )/Σ, where Q now includes ρ as well. We continue to refer to this EFT as ChPT because it still relies on expansions in the quark masses and in momenta. We illustrate its effect in elastic πN scattering.
We consider E ∼ δ and show that the Roper pole diagram is enhanced, significantly improving the description of the P 11 channel at the first non-vanishing order, O(Q). We check explicitly that this description is preserved at next order, O(Q 2 /M QCD ). We refrain in this first approach from pushing the theory to E ∼ ρ. At such energies a resummation is necessary, just like that in the P 33 channel at E ∼ δ. However, the proximity to the scale where other effects (σ, N ⋆ (1520), N ⋆ (1535)) accumulate is likely to lead to slow convergence. Nevertheless, since the Roper lies not far from the delta and its width is large, its effects are felt long before E ∼ ρ.
Aspects of Roper physics -the m π dependence of its mass and width-have already been considered in ChPT [23] with an eye to lattice extrapolations. The role of the Roper and other resonances on the properties of the baryon decuplet has been discussed in SU (3) ChPT [24] . An early study of the Roper in πN scattering appeared in Ref. [20] , although no considerations of power counting guided the selection of contributions. Note that other approaches exist to incorporate the Roper (and other resonances) consistently with chiral symmetry and field-definition independence. They are reminiscent of the original approach [8, 25] to nuclear interactions using a chiral Lagrangian: a pion-nucleon "kernel" is first derived in ChPT to a certain order and then unitarized, for example using the N/D method [19, 26] or the Bethe-Salpeter equation [27] .
(Similar approaches based on meson-exchange models include those in Ref. [28] .) Power counting is not manifest at the amplitude level, but good results for pion-nucleon phase shifts are obtained into the Roper region. Needless to say, the Roper has long been been shown to be important in phenomenological hadronic models [29] . For a recent review of Roper properties, see Ref. [30] .
The EFT contains all interactions allowed by the symmetries of QCD. The chiral Lagrangian with pion (π), nucleon (N ) and delta (∆) fields that is required for πN scattering up to O(Q 2 /M QCD ) in the channel of interest is given in Refs. [6] [7] [8] 10] . We adopt for definiteness the chiral Lagrangian in the form of Ref. [10] , and enlarge it by introducing a heavy-Roper field (R) with the same quantum numbers as the nucleon. Since approximate SU (2) L × SU (2) R chiral symmetry can be accounted in EFT through a non-linear realization based on unbroken isospin, the technology to construct interactions involving this field is the same as for the nucleon. The Lagrangian terms can be organized according to the chiral index ν = d + m + n δ + n ρ + f /2 − 2 0 of an interaction, where d, m, n δ , n ρ and f count derivatives, powers of m π , powers of δ, powers of ρ, and number of baryon fields, respectively. In the following we will need explicitly only the lowest-index Lagrangian,
and its first correction
Here
/f π are the pion and baryon chiralcovariant derivatives; t (I) is the isospin generator in a representation of isospin I; σ and τ = 2t (1/2) are the Pauli matrices in spin and isospin; S and T are 2 × 4 transition matrices in spin and isospin, normalized so that S i S j † = (2δ ij − iǫ ijk σ k ) /3 and analogously for T ; g A , h A , and g ′ A are the leading coupling constants of the pion with the nucleon, nucleon-delta, and nucleon-Roper, respectively; and B 2,3 are low-energy constants (LECs) of O(1/M QCD ). For simplicity we work here in the isospin-symmetric limit, although (generically small) isospin breaking can be introduced along the lines of Ref. [8] .
Contributions to an arbitrary low-energy process can be ordered in powers of
Throughout the low-energy region the standard ChPT power counting [1] applies. In the near-threshold region, the theory is purely perturbative in powers of Q/M hi . In a region |E − δ| = O(δ 3 /M 2 hi ) around the delta pole, there is a "kinematic" fine-tuning: one-delta-reducible contributions are enhanced and the delta self-energy needs to be resummed [10] (and, for a slightly different, earlier version, [9] ). At O(M 2 hi /Q) the πN amplitude is non-zero only in the P 33 channel, where it has a standard Breit-Wigner form with a constant width. At O(Q), the width acquires an energy dependence, and an energy-dependent background appears in all S and P waves, stemming from standard tree diagrams without a delta pole. Using . The resulting P 13 and P 31 phases are equal [10] , in qualitative, and at low energies reasonably quantitative, agreement with the corresponding observed phase shifts [5] .
Thus, ChPT can be successfully extended beyond E ∼ δ. order: it decreases with energy and is, at E ∼ δ,
However, the Roper pole diagram increases in importance as the energy increases and at E ∼ δ is
Because the Roper and the delta are not widely separated, the first Roper contribution in the delta region is not suppressed by a large scale M hi , but by the small scale M lo . The size of this
It is comparable to the nucleon pole and crossed diagrams,
and to the delta crossed diagram
Near threshold, E ∼ m π , this counting overestimates the Roper and delta effects due to the numerical difference between ρ − m π and δ + m π , on the one hand, and m π on the other. As E increases further and enters a window of size |E − ρ| = O(ρ 3 /M 2 hi ) around the Roper pole, the Roper-pole diagram becomes O(M 2 hi /Q) and the Roper self-energy is comparable to |E − ρ|. In this window one-Roper-irreducible diagrams require the same treatment as for the delta in Ref. [10] . At O(M 2 hi /Q), the Roper self-energy is made of one-loop diagrams that should be resummed. Already at O(Q), however, complicated two-loop diagrams appear which account for the Roper decay into two pions. Although this decay mode is significant, it is still less important than decay into a single pion [32] . This suggests that the EFT expansion could work even in this region, but we defer a detailed study of πN scattering at the less favorable energy E ∼ ρ to a later publication.
Outside this window, the Roper pole diagram should capture the dominant part of the rise of the resonance, and is the only Roper effect that needs to be considered to O(Q), or N 2 LO. In πN scattering, it contributes only to the P 11 channel. The inclusion of an explicit Roper does not modify the amplitudes in the other P -wave channels, and therefore does not spoil the good description found in Ref. [10] . This special treatment of the Roper is different from the way the delta is dealt with in Ref. [10] . It enables us to improve the description of P 11 over Ref. [10] with minimal complication, provided that one stays below the Roper, E ∼ δ < ρ. In this region an extension to higher orders poses no significant problems, although at some order of course two-loop diagrams also appear. Whether the relatively slow convergence of the width will translate into a slow convergence of the full loop expansion at low energies remains to be seen.
To see the dominant Roper effects, we work with πN scattering in the CM frame, and denote by k the magnitude of the pion momentum, by ω = k 2 + m 2 π its energy, and by W CM ≡ m N + E the total CM energy. For E ∼ δ, the first non-vanishing contributions in the P 11 channel are given by the nucleon pole and crossed diagrams, the delta crossed diagram, and the Roper pole diagram ( see FIG. 2 ), all constructed entirely from L (0) , Eq. (1). We find for the first non-vanishing contributions to the T matrix in the P 11 channel where
is a kinematic coefficient. Here the nucleon and delta terms are the same as in Ref. [10] . Since the relative coefficient of the delta contribution is ≃ 1, the nucleon contribution is numerically larger and leads (in the absence of the Roper term) to repulsive phase shifts throughout the lowenergy region. As long as (g ′ A /g A ) 2 is not too large, this situation survives near threshold. As E increases, however, while (apart from the overall k 3 ) the nucleon and delta contributions decrease in magnitude, the Roper contribution increases. Since it has sign opposite to the nucleon term as long as E < ρ, it will eventually overcome the others. As long as (g ′ A /g A ) 2 is not too small, this happens at energies E ∼ M lo . in the CM frame, and (c) and (f) do not contribute to the P 11 partial wave. We find
where
in terms of the LECs B 2,3 . The nucleon contributions in Eqs. (7) and (9) are in agreement with
Ref. [17] . While Eq. (7) agrees with the O(Q) delta contributions in Ref. [22] , a comparison at O(Q 2 ) is obscured by the employment in Ref. [22] of off-shell parameters and a ν = 1 πN ∆ coupling,
, which is removed in our calculation using integration by parts and baryonic equations of motion [33] . To this order, our EFT resembles an isobar model such as that in Ref. [29] , the main Expanding also the phase shifts in powers of Q/M hi , they can be extracted from Eqs. (7) and (9) in such a way that unitarity is preserved perturbatively: θ N 2 LO
/2 and θ N 3 LO
If we use the same nucleon and delta parameters determined at N 2 LO in Ref. [10] , we have just two undetermined parameters at N 2 LO, ρ and g ′ A , and one more at N 3 LO, B. We fit our results to the P 11 phases from the energy-dependent solution of the phase-shift analysis (PSA) by the George Washington (GW) group [5] .
The P 11 phase shifts have an interesting feature: they almost vanish until reaching the sign-flip point, E ∼ δ, beyond which they become attractive. The phase is only about −1 • at the lowest point of the "dip". This suggests that, for a wide kinematic window, the repulsion contributed by the nucleon nearly cancels the attraction by the delta and Roper. This sort of cancellation stands out among the low-energy S and P partial waves. While the sign-flip point constrains ρ and g ′ A at N 2 LO (Eq. (7)), the near cancellation for a wide window implies that the constraint is not restrictive at all, within an error of 1 • . Thus, we expect a significant uncertainty in determining hatched area. We also show as, respectively, (magenta) dot-dashed and (blue) dotted curves the N 2 LO and N 3 LO results using as input the Breit-Wigner mass and width from the GW analysis [5] .
the N 3 LO curve coincides with the N 2 LO curve. It fits slightly worse on the uphill to the Roper resonance, but does slightly better in the region we take the PSA inputs. The two curves agree with each other and data much more than one would expect. The theoretical error of the EFT amplitudes can be estimated as follows:
which can be interpreted as the πN seagull terms with a "natural" size; (ii ) at N 3 LO,
The theoretical errors, with M hi = 600 MeV, are indicated by shaded areas in the right plot of
From the fit we extract values for ρ, g ′ A , and B. These are given in the first two rows of TABLE I, together with values for δ and h A found in Ref. [10] , and the value of g A used as input. These are the values that give the curves in the left panel of FIG. 4 . In order to have an estimate of the are labeled "EFT". In the rows labeled "GW", ρ and g ′ A are extracted from the Breit-Wigner parameters for the Roper [5] . The values when the nucleon, delta and Roper form a reducible representation of chiral symmetry with maximal mixing [15] are labeled "Chiral rep". uncertainty in a LEC, we consider its variation so that the EFT curves roughly stay, up to 1300 A cannot be extracted from our analysis, and were simply chosen to be the same as in Ref. [15] .)
Although the two fitted phase-shift curves almost coincide, we should not conclude that the EFT expansion in P 11 converges very rapidly. The relatively large variation of ρ and g ′ A from N 2 LO to N 3 LO shows the significant impact of the N 3 LO correction. Because B is still naturally sized, O(1/M QCD ), the N 3 LO amplitude (Eq. (9)) is one order of magnitude smaller than the magnitude of either the repulsive or the attractive term at N 2 LO (Eq. (7)). But, in order for the sum of two orders to nearly vanish below E ≃ δ, the N 2 LO and its subleading corrections need to be numerically comparable, which indicates slow convergence of the EFT expansion in this channel.
However, the overall convergence is reasonable in the sense that the N 3 LO P 11 is still one order smaller than, e.g., the P 33 N 2 LO amplitude [10] .
The large change in Roper parameters from one order to the next is consequence of fitting them away from the Roper resonance region, which is most sensitive to them. In order to have another estimate of uncertainties and convergence, we consider an alternative way to determine the Roper parameters. The leading πN partial width of the Roper is
where k ρ is the CM momentum when the Roper is on-shell. When we fit ρ and g ′ A to the BreitWigner mass and width from GW PSA [5] , and at N 3 LO B from the same phases as before, we obtain two extra curves shown in the right panel of FIG. 4 Although we do not aim at a precise description of the threshold region, we extract for completeness the corresponding scattering volume at N 3 LO: 
The delta and Roper contributions are suppressed by factors of m π /δ and m π /ρ, respectively.
With the N 3 LO EFT values of ρ and g ′ A in TABLE I, the delta, Roper and seagull counterterm contributions are, respectively, −40%, −2.7% and −17% of the nucleon's, and a P 11 = −0.081 m −3 π , in a good agreement with a P 11 = −(0.0799 ± 0.0016)m −3 π found in a PSA based on low-energy data [34] . Of course, the successful description near threshold owes more to the seagull than to the Roper. The scattering length can be fitted in Roperless, deltaless ChPT with an effective B ef f that accounts for the delta, Roper, and higher-energy contributions. It is reassuring that parameters fitted at E ∼ δ produce nearly the same value for B ef f , the expression of which to N 3 LO in our EFT can be directly read off Eq. (14) .
In summary, we have argued that the Roper can profitably be included in ChPT. As a first study, we focused on πN scattering below the Roper resonance, in the region around the delta.
We proposed the promotion of the Roper pole diagram over its crossed counterpart. Using this counting scheme, we found a good description of the P 11 phase shifts throughout the low-energy region already at lowest non-vanishing order. The smallness of the P 11 phase shifts at low energies makes difficult a reliable extraction of LECs from the EFT amplitude at this order, but at next order the best fit gives LECs close to those predicted by a reducible chiral representation with maximal mixing. The cancellations necessary for small P 11 phase shifts suggest a slow convergence at low orders in the P 11 channel, but it does not spoil overall convergence, when all partial waves, including those of more natural size, are taken into account.
